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Carbon dioxide (CO 2 ) is both an important carbon source for plants and microorganisms and a greenhouse gas, which is rapidly accumulating in the earth's atmosphere mainly due to anthropogenic combustion of fossil carbon resources. It is commonly accepted that the consequences of this accumulation contribute to the phenomena of global warming. In 2014, 82% of the primary energy supply was based on fossil resources (OECD/International Energy Agency 2016) and according to the Global Carbon Atlas, 1 the global CO 2 emissions exceeded 36 Gt in 2015. These numbers demonstrate the urgent need to avoid emission of CO 2 and to develop carbon capture and storage tech- 1 The Global Carbon Atlas: available online at: http://globalcarbonatlas. org.
niques. Industrial biotechnology can contribute to these global efforts as CO 2 can be seen as a carbon feedstock for microorganisms. CO 2 is a highly oxidized molecule and needs to be reduced in order to be incorporated into biomass or other organic molecules. Autotrophic organisms such as cyanobacteria and plants can grow on CO 2 and use light as a direct energy source. This process works best in a natural environment, while in an industrial context, the direct use of light for the cultivation of microorganisms has limitations due to the still low overall solar-to-product energy conversion efficiencies, which are for instance below 2% for the production of oil by microalgae (Santero, Floriano and Govantes 2016) . Thus, such processes might only be efficient when coupled with abiotic lightharvesting systems such as photovoltaics to provide the Table 1 . Theoretical carbon fixation properties during a mixed-substrate conversion for the production of organic acids. The substrate consists of carbon dioxide and either glucose, glycerol or methanol and an anaerobic conversion is considered. The Gibbs free energy of reaction ( r G m ) values is calculated with equilibrator (Flamholz et al. 2012) and are normalized to C mol of the reduced substrate (glucose, glycerol and methanol). r G m values are calculated for physiologically meaningful parameters with reactants concentrations of 1 mM, a pressure of 1 bar and a temperature of 25 • C (298.15 K). Y CO2/P is the theoretical maximum carbon fixation yield derived from the stoichiometry of an anaerobic conversion. The annual carbon fixation potential is calculated using reported values for industrial microbial production of the mentioned organic acids and the calculated maximum carbon fixation yield. Information on the stoichiometry and the calculations are reported in Table 2 and the supplementary file. For malic acid no current data for industrial production were found, therefore, no carbon fixation potential was estimated (ND: no data).
Substrate\product
Acetic reducing equivalents in form of e.g. hydrogen to the biological system (Blankenship et al. 2011; Nocera 2017) . Here, we propose to focus on mixed-substrate conversion as a rather unexploited alternative to fix carbon dioxide. Under a mixed-substrate conversion, we understand a process, where the substrate combination allows for a comproportionation (synproportionation) reaction to take place. A comproportionation reaction is defined as a reaction where a substrate with a higher oxidation state (CO 2 ) reacts with a substrate of a lower oxidation state (e.g. glucose) and yields a product of an intermediate oxidation state. In case sugars and CO 2 are co-substrates, products can be for instance organic acids, which have intermediate oxidation states. However, more reduced products such as alcohols are not feasible, because additional electron sources would be required to further reduce carbon. Therefore, this approach is not suitable to produce biofuels such as ethanol from sugar substrates while fixating CO 2 simultaneously. In general, a mixed-substrate process has several advantages over existing, mainly aerobic, processes: 1. Yield on carbon: CO 2 is a cheap carbon source and leads to an inexpensive increase of the carbon yield. 2. Aeration: Using CO 2 as an electron acceptor replaces molecular oxygen reducing the need for intensive gassing as CO 2 has a higher solubility in aqueous systems compared to oxygen. 3. Heat removal: Converting carbohydrates to organic acids with molecular oxygen is an exothermic process due to the overall high energy yield of the reaction. The anaerobic or micro-aerobic conversions using CO 2 as an electron acceptor produce less energy in the form of heat and thus reduce the need for extensive cooling.
All three aspects are highly relevant for the commercial production of bulk chemicals such as organic acids. The validity of the approach is demonstrated for the system succinic acid. Succinic acid can be produced anaerobically on glycerol (Li et al. 2016 ) and glucose (Song and Lee 2006) , which enables a net fixation of CO 2 . No process currently exists that enables a net fixation of CO 2 during the mixed-substrate production of citric acid.
However, metabolic engineering strategies can also be applied to change the lifestyle of other organisms and enable CO 2 incorporation. Carbon fixating metabolic pathways such as the Calvin cycle were already engineered into biotechnologically important host systems such as Escherichia coli (Antonovsky et al. 2016) and Saccharomyces cerevisiae (Guadalupe-Medina et al. 2013) .
In order to provide a thermodynamic framework and guidance for further engineering endeavours, we investigated the production of different industrially important organic acids using CO 2 as co-substrate in a mixed-substrate approach and to determine its fixation potential.
In Table 1 , the thermodynamic feasibility of mixed-substrate and anaerobic conversions are presented, which enable a net fixation of organic acids. Furthermore, this table also highlights the boundaries and limitations of a mixed-substrate approach. This helps to make relevant process design decisions prior to the strain selection and engineering. Six different biotechnologically important organic acids (Sauer et al. 2008 ) and three different substrates glucose, glycerol and methanol were selected for this study. Glucose is a good substrate for many organisms, but as biotechnological processes are gaining influence prices are rising. Thus, there is a need to think about alternative reduced carbon substrates. Glycerol is an already used alternative, which is accumulating as a by-product of the plant-oil processing industry like from the transesterification for biodiesel production. The third substrate compared is the carbon feedstock methanol, which could be the basis of a sustainable methanol economy (Olah 2013).
Several organic acids are already produced by microbial processes. Important organic acids such as citric acid are produced by aerobic conversion with glucose as substrate and Aspergillus niger as cell factory. With this process, high titers over 200 g/L Table 2 . Detailed information on the stoichiometry and thermodynamics of the proposed mixed-substrate conversions. The Gibbs free energy of reaction ( r G m ) values is calculated with equilibrator (Flamholz et al. 2012 ) based on the component contribution method (Noor et al. 2013 and productivities of more than 1.5 g/Lh can be obtained, but a disadvantage is the requirement for intensive aeration and cooling due to the exothermic nature of this partial combustion of glucose (Karaffa and Kubicek 2003) . Other acids such as succinic acid can be produced anaerobically on glycerol (Li et al. 2016 ) and glucose (Song and Lee 2006) , which enables a net fixation of CO 2 . The Gibbs free energy of reaction ( r G m ) quantifies the amount of energy released during a reaction. This amount of energy is available for work in a system that is at constant temperature and pressure. Only if this value is negative a spontaneous reaction is possible. From Table 1 can be taken that most organic acids can be produced from one of the three substrates in combination with a net CO 2 fixation. Only the generation of malic acid and citric acid from methanol have slightly positive r G m values and are thus thermodynamically infeasible under the reported conditions. However, changing the concentrations of the products like doubling the CO 2 concentration to 2 mM would already result in a slightly negative r G m value. Nevertheless, from these values, it can be already concluded that substrate/product combination makes more sense having a more negative r G m value like the conversion of glucose and CO 2 to succinic acid, which is already realized in anaerobic cultivations of E. coli. A more negative r G m is favourable as in the overall process also a certain amount of biomass needs to be generated. In general, the necessary biomass for the mixed-substrate conversion can be synthesised with different process conditions for instance in an initial aerobic phase.
Depending on the different oxidation states of substrate and product different amounts of CO 2 can be fixated. The carbon fixation yields are reported in Table 1 . Due to the oxidized state of citric acid up to 0.69 g CO 2 per g citric acid could be fixated. However, in this case, the r G m value is slightly positive. No net fixation of CO 2 can be achieved by the conversion of glucose into acetic acid or lactic acid as these metabolites have the same oxidation state as glucose.
Another promising new building block is itaconic acid (Steiger et al. 2016 ) and with 0.68 g CO 2 per g itaconic acid, a substantial amount of carbon could be fixated using methanol as co-substrate. Also, acetic acid, succinic acid and lactic acid can be formed using CO 2 and methanol as substrate. This demonstrates the potential of methanol, which is a promising emerging biotechnological substrate. A special feature of methanol is that it can already be directly formed from CO 2 and energy. In Iceland, a first commercial plant (Carbon Recycling International) is producing methanol from CO 2 and hydrogen using geothermal energy. Using such CO 2 -derived methanol in a consecutive mixed-substrate conversion would further enhance the carbon capture potential of the overall process.
In order to estimate the potential and impact of mixedsubstrate conversion techniques, the annual CO 2 fixation potential was calculated and reported in Table 1 . Reported values for microbial organic acid production (Sauer et al. 2008) were used as the basis and multiplied with the maximal carbon fixation yield. Citric acid is one of the most important microbial products and its production is currently estimated to exceed 2 million tons per year. Using glycerol as an alternative substrate up to almost 1 million tons of CO 2 could be fixated by the citric acid production process, which is about 15% of the CO 2 emission of a country such as Austria.
Mixed-substrate conversion using CO 2 as co-substrate is a promising strategy to fix carbon dioxide in an industrial process and increase the overall carbon yield of the process. However, thermodynamic constraints need to be taken into account to find optimal substrate-product combinations. Thus, thermodynamically feasible solutions can be found that can be implemented by a suitable metabolic design into the respective production organism.
